Understanding the mechanisms regulating mitochondrial respiratory function and adaptations to metabolic challenges, such as exercise and high dietary fat, is necessary to promote skeletal muscle health and attenuate metabolic disease. Autophagy is a constitutively active degradation pathway that promotes mitochondrial turnover and transiently increases postexercise. Recent evidence indicates Bcl2 mediates exerciseinduced autophagy and skeletal muscle adaptions to training during high-fat diet. We determined if improvements in mitochondrial respiration due to exercise training required Bcl2-mediated autophagy using a transgenic mouse model of impaired inducible autophagy (Bcl2 AAA ). Mitochondrial adaptations to a treadmill exercise training protocol, in either low-fat or high-fat diet fed mice, did not require Bcl2-mediated autophagy activation. Instead, training increased protein synthesis rates and basal autophagy in the Bcl2 AAA mice, while acute exercise activated BNIP3 and Parkin autophagy. High-fat diet stimulated lipid-specific mitochondrial adaptations. These data demonstrate increases in basal mitochondrial turnover, not transient activation with exercise, mediate adaptations to exercise and high-fat diet. K E Y W O R D S mitochondrial respiration, protein turnover, skeletal muscle 2 | EHRLICHER Et aL SUPPORTING INFORMATION Additional supporting information may be found online in the Supporting Information section.
| INTRODUCTION
Skeletal muscle has a large tissue mass and high abundance of mitochondria, the major site of fuel metabolism and energy production, and contributes to whole-body metabolism. The mitochondrial reticulum undergoes continual turnover to maintain quality of the protein network and preserve metabolic function. 1 Protein synthesis and degradation pathways facilitate the turnover of mitochondrial proteins. Declines in skeletal muscle protein turnover rates are observed in metabolic diseases [2] [3] [4] and with advancing age. 5, 6 Many metabolic and age-associated pathological conditions are also associated with mitochondrial defects or dysfunction. 7, 8 Endurance exercise training improves mitochondrial oxidative function and whole-body metabolic health, in part by increasing skeletal muscle mitochondrial abundance 9 mediated by increases in mitochondrial biogenesis. 10 Further understanding of mitochondrial protein turnover regulation could inform strategies to maintain skeletal muscle health and alleviate burdens of metabolic disease.
Autophagy is responsible for the removal of low-functioning mitochondria, termed mitophagy, 11 to maintain overall mitochondrial function. 12 Exercise training enhances skeletal muscle protein degradation through global autophagy. 13 In mice undergoing aerobic exercise training, the loss of critical autophagy proteins, beclin-1 (Atg6), 14 Atg7, 15 or the mitophagy protein, Parkin, 16 blunts positive mitochondrial adaptations. These findings suggest the activation of autophagy mediates exercise-induced skeletal muscle mitochondrial adaptations. However, given the constitutive nature of knockout models, it is not possible to distinguish exercise-induced autophagy from basal autophagy. Conversely, Bcl2 AAA transgenic mice allow for the isolation of stimulus-induced autophagy because of an alanine-substitution at a deactivating phosphorylation site. 17 In response to starvation or exercise, Bcl2 phosphorylation induces beclin-1 activation to increase autophagosome formation, but Bcl2 phosphorylation is absent in Bcl2 AAA mice and restricts autophagy activation. 17 Following aerobic exercise training, Bcl2 AAA mice had impaired exercise capacity 17 indicating a direct requirement for autophagy activation with exercise on training adaptations. Yet, the requirement of exercise-induced autophagy for improvements in mitochondrial protein turnover and respiratory function is not known.
Strategies to increase skeletal muscle mitochondrial protein turnover have strong therapeutic potential to improve whole-body metabolic health, especially during a stressed metabolic state such as obesity or Type 2 Diabetes. For example, exercise training restored mitochondrial efficiency in obese adults. 18 Further, while on a high-fat diet to induce obesity, Bcl2 AAA mice had blunted improvements in wholebody glucose tolerance after exercise training, 17 suggesting a critical role of autophagy in the beneficial exercise effects on metabolic function. Therefore, activation of autophagy is a potential mechanism of exercise to improve mitochondrial function during metabolic stress.
Our primary aim was to determine the requirement of exercise-induced autophagy for mitochondrial adaptations to aerobic exercise training. We used the Bcl2 AAA mouse model with restricted Bcl2-mediated autophagy in an 8-week exercise training study. We hypothesized the autophagy deficiency would impair the exercise-induced improvements to mitochondrial respiration and protein turnover. Our secondary aim was to determine if high-fat feeding impaired the exercise-induced mitochondrial adaptations in Bcl2 AAA mice.
| METHODS

| Animals and diets
Wild-type C57BL/6J male mice and transgenic Bcl2tm.1.1SJK (#018430) male mice were purchased from Jackson Laboratories (Bar Harbor, ME, USA) and matched for age (8-14-weeks old) . The mice were group housed two to five per cage in 12:12-hour light-dark cycle at 22°C with free access to food and water and allowed to acclimate for at least one week before beginning the 12-week study. After 4 weeks, mice began graded aerobic exercise training (described below) or remained sedentary. In week 12, mice were euthanized 36 hours after the last bout of exercise and after a 4-hour fast to avoid alteration of autophagy markers by acute exercise, 19 postprandial 20 or prolonged fasting signals. 21 Mice were anesthetized with sodium pentobarbital overdose through an intraperitoneal injection and cardiac punctures were performed to collect plasma samples. Tissues were extracted and dissected then snap frozen in liquid nitrogen. At the end of the 12 weeks, mice were 24-28 weeks of age. The animal study protocol was approved by the Animal Care and Use Committee at Oregon State University (#4788). Group numbers were n = 12-17/group.
Mice consumed either a low-fat diet (LFD; D12450J; Research Diets, New Brunswick, NJ, USA) or high-fat diet (HFD; D12492; Research Diets, New Brunswick, NJ, USA) ad libitum for 12 weeks to induce obesity. The percent kilocalories from total fat (from lard)/carbohydrate/protein was 10/70/20 for the LFD (3.85 kcal/gm) and 60/20/20 for the HFD (5.24 kcal/ gm). The diets were matched for sucrose content.
| Exercise training and acute exercise
Exercise training was performed on a motorized treadmill to standardize the amount of exercise for each group to 50 minutes per day, 5 days per week. Mice in the exercise groups acclimated to the motorized treadmill (Panlab, Harvard Apparatus, Holliston, MA, USA) over 1 week with a low speed and duration. Then, exercise bouts progressed in intensity and duration to reach 17 m/min for 50 minutes at 10% incline. Mice were encouraged to continue running with an air puff or mild shock plate at the back of the treadmill.
A graded exercise test was performed after the acclimatization and at the end of the training period to assess exercise capacity of the mice. The belt speed started at 6 m/ min and 0% incline for 5 minutes then increased by 3 m/ min and 5% incline every 2 minutes until 18 m/min and 15% incline was reached. The speed increased by 1-2 m/ min every minute until exhaustion. The mice were removed from the treadmill when they refused to run, despite sitting on the shock grid for up to 5 seconds, and the total time was recorded.
The acute exercise bout consisted of intervals on the treadmill that alternated between a low-speed interval and high-speed interval at approximately 70% estimated maximal exercise capacity, based on the graded exercise test results of the training groups. The exercise bout started with the | 3
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low-speed interval of 6 m/min at 5% incline for 5 minutes then progressed to the high-speed interval of 12 m/min (HFD) or 15 m/min (LFD) at 5% incline for 15 minutes. The intervals were repeated twice then ended with a 5-minute cool down at 6 m/min. The total duration of exercise was 65 minutes. An intraperitoneal injection of sodium pentobarbital was given at 20 minutes postexercise and tissue harvest started at 30 minutes postexercise.
| Glucose and insulin tolerance testing
Glucose tolerance tests (GTT) and insulin tolerance tests (ITT) were performed in unrestrained mice at baseline and repeated at 4 weeks and 12 weeks. Mice were fasted and placed in individual cages with free access to water for 6 hours prior to the GTT and 4 hours prior to the ITT as previously described. 22 Body weight was recorded after the fasting period to calculate injection volumes. Blood glucose concentrations were measured by a handheld glucometer (Alphatrak2, Zoetis, Parsippany, NJ, USA) from a tail vein. Blood samples were also collected into a microhematocrit capillary tube from the tail vein to measure plasma insulin concentrations (Insulin ELISA, Alpco, Salem, NH, USA) immediately before and 15 minutes into the GTT. For the GTT, glucose was provided with an intraperitoneal injection of 2 g/kg body wt of a 20% dextrose solution. Blood glucose concentrations were measured at 0, 5, 15, 30, 60, and 120 minutes to calculate an area under the curve (AUC) for the full 2 hours. For the ITT, insulin (Humulin R; Eli Lilly, Indianapolis, IN, USA) was provided with an intraperitoneal injection at 0.5 IU/kg body wt. Blood glucose was measured at 0, 15, 30, 60, and 120 minutes and fall from baseline (FFB) was calculated in the first 30 minutes.
| Whole-body metabolic assessment
Metabolic rate was assessed by indirect calorimetry using a continuous metabolic monitoring system (Promethion, Sable Systems Int., Las Vegas, NV, USA). Mice were singly housed in the metabolic cages immediately after an exercise bout and given ad libitum access to food and water for a 12-hour dark cycle to monitor whole-body metabolism after exercise. The mice remained in the cages with access to food for a full 24hour light/dark cycle to measure metabolism in a rested condition. The food was removed and mice remained in cages for 24 hours to measure metabolism in the fasted state. Air was sampled periodically from each cage and passed through a gas analyzer to determine oxygen (O 2 ) and carbon dioxide (CO 2 ) content at a constant flow rate of 2000 mL/min. Energy expenditure and respiratory exchange ratio (RER) was calculated based on VO 2 consumption and VCO 2 production 23 as either 1-hour or 12-hour averages for each cage. Physical activity was continuously measured by a multidimensional beam break system and food intake and body weight were continuously measured by electronic scales. Body composition was measured by dual-energy x-ray absorptiometry (Lunar PIXImus2, GE Healthcare, Madison, WI, USA) to quantify fat and fat-free (lean) mass.
| Deuterium oxide labeling
In week 10, mice received an intraperitoneal injection of D 2 O saline solution (~99%; Cambridge Isotope Laboratories, Tewksbury, MA, USA) at 30 μL/g body wt to raise body water enrichment to ~5% (assuming 60% water weight) followed by continuous consumption of D 2 O enriched at 8% in the drinking water. 22 Plasma samples collected at the time of euthanasia were analyzed for D 2 O enrichment to calculate precursor enrichment. Plasma was placed in the inner well of an o-ring screw on cap and placed inverted on a heating block overnight at 80°C. Next, 2 µL of 10 M NaOH and 20 µL of acetone were added to all samples and 20 µL of 0%-20% D 2 O standards and capped immediately. Samples were vortexed at low speed and kept overnight at room temperature. Samples were extracted with 200-µl hexane, and the organic layer was transferred through anhydrous Na 2 SO 4 into GC vials and analyzed via EI mode on an Agilent 7890B gas chromatograph coupled to an Agilent 5977B mass spectrometer with a DB-17MS column.
Quadriceps muscle was fractionated by differential centrifugation to subcellular fractions enriched with myofibrillar (MYO), subsarcolemmal mitochondrial (SSM), and intermyofibrillar mitochondrial (IMFM) proteins based on previously published methods. 24, 25 Muscle samples (~70-80 mg) were powdered in liquid nitrogen, diluted in 1:20 (wt/vol) in homogenization buffer A (100mM KCl, 50mM Tris base, 5mM MgCl 2 -6H 2 O, 1.8mM ATP, and 1mM EDTA, pH 7.2) plus protease/phosphatase inhibitors (P8340, Sigma-Aldrich, St. Louis, MO, USA) and then homogenized using custom glass-on-glass homogenizers with 0.3-mm spacing between mortar and pestle for 10 minutes at 150 rpm. Samples were centrifuged for 10 minutes at 1000 g and 4°C to collect the MYO proteins. The supernatant was transferred to a new tube and centrifuged for 30 minutes at 9000 g and 4°C to collect the loosely bound SSM fraction. The MYO pellet was transferred back to the glass homogenizers and homogenized in 1-ml high-salt buffer (0.6 mol/L KCl and 20 mmol/L pyrophosphate-Na 4 decahydrate) for 5 minutes at 150 rpm to liberate the tightly bound IMFM proteins. Samples were centrifuged for 10 minutes at 1000 g and 4°C to collect the MYO fraction. The supernatant was transferred to a new tube and centrifuged for 30 minutes at 14 000 g and 4°C to collect the IMFM fraction. Protein fractions were hydrolyzed to amino acids, derivatized, and analyzed via EI mode on an Agilent 7890B gas chromatograph coupled to an Agilent 5977B mass spectrometer.
RNA was isolated from quadriceps muscle (~20 mg) using a commercially available kit (RNeasy Tissue Kit, Qiagen, Hilden, Germany). RNA was derivatized and analyzed via EI mode on an Agilent 7890B gas chromatograph coupled to an Agilent 5977B mass spectrometer.
The newly synthesized fraction of muscle proteins or RNA was calculated from the enrichment of labeled alanine bound to muscle proteins or RNA divided by the precursor enrichment. The precursor enrichment was calculated from D 2 O enrichment in plasma, which was adjusted using mass isotopomer distribution analysis calculations. 26 The fraction new was then divided by time and multiplied by 100 to obtain the fractional synthesis rate (FSR).
| Mitochondrial preparation and respiration
Mitochondria were isolated from freshly dissected quadriceps muscle using differential centrifugation as previously described. 27 Muscle (~100 mg) was incubated in buffer A containing protease (Subtilisin A, P5380, Sigma-Aldrich, St. Louis, MO, USA) for 7 minutes on ice then homogenized in glass-on-glass homogenizers with 0.3-mm spacing between mortar and pestle for 10 minutes at 150 rpm. Samples were centrifuged for 5 minutes at 750 g and 4°C to collect the myofibrillar proteins. The supernatant was centrifuged for 5 minutes at 10 000 g and 4°C to pellet the mitochondria. The supernatant was discarded and the mitochondrial pellet was washed with buffer A and centrifuged 5 minutes at 9000 g and 4°C.
The supernatant was discarded and the mitochondria were resuspended in 1:4.2 (wt/vol) buffer B (180 mM sucrose, 35 mM KH 2 PO 4 , 10 mM Mg-Acetate, 5 mM EDTA, pH = 7.5).
High-resolution respirometry was performed using Oxygraph-2k units (Oroboros Instruments, Innsbruck, Austria) with MiR05 respiration buffer (0.5 mM EGTA, 3 mM MgCl 2 -6H 2 O, 60 mM lactobionic acid, 20 mM taurine, 10 mM KH 2 PO 4 , 20 mM HEPES, 110 mM sucrose, and 1 g/L bovine serum albumin). Two separate protocols were performed to measure oxygen consumption and hydrogen peroxide (H 2 O 2 ) emission (10 μM Amplex red, 5 U/ml superoxide dismutase, and 1 U/mL horseradish peroxidase) as previously described and with a few variations. 22 Each protocol was performed in duplicate chambers (A and B) on one machine and the rate of oxygen consumed (JO 2 pmol O 2 /sec/ mL) at each point was calculated as the average values from the two chambers. Protein concentration of the mitochondrial preparation was measured by Pierce BCA assay (Thermo Fisher Scientific, Waltham, MA, USA) to calculate JO 2 relative to protein content (pmol O 2 /μg protein/sec).
The approach outlined here provides assessment of oxidative phosphorylation, leak, and uncoupled state respiration. We conducted two independent protocols using lipid substrate (octanoyl-carnitine and malate [OCM]) or nonlipid substrates (glutamate, malate and succinate [GMS]) to determine rates of oxygen consumption (JO2). We measured leak respiration after the oxidative phosphorylation state with the addition of the complex V inhibitor, oligomycin, as an indicator of proton leak across the membrane. We then measured the contribution of electron transfer system (ETS) function to respiration by the addition of the membrane uncoupler, FCCP. The complex I inhibitor, rotenone was added to measure the contribution of S-linked substrates to ETS function. Full data sets from the two protocols in order of substrate addition are depicted in Supplemental Figure S4 .
| Immunoblotting
Quadriceps and gastrocnemius muscle were homogenized as whole tissue (~40 mg) or mitochondrial isolations (~70 mg) for immunoblotting as previously described. 22 We previously reported, using proteomics, that the isolation yields a mitochondrial enriched fraction, but still has contamination of other fractions. 28 Immunoblotting of the Myo, Cyto and Mito fractions demonstrate a high abundance of VDAC in the Mito fraction with some contamination of tubulin ( Figure 2D ). Approximately 35 μg of protein was resolved on 10%-15% Bis-Tris gels and transferred to nitrocellulose membranes. A control sample was loaded at the beginning and end of each gel to serve as an internal control and their average intensity was used to normalize band intensities between gels. Ponceau staining of membranes was performed to verify equal loading and transfer of protein to the nitrocellulose membrane. Representative Ponceau images are provided in Figures S5-S8 with full representative blots for each data figure. For blotting of mitochondrial isolations, target antibodies were normalized to voltage dependent anion channel (VDAC, Abcam cat#14734) to account for variations in mitochondrial isolation in each sample. Membranes were blocked in 5% bovine serum albumin (BSA) in Tris-buffered saline + 1%Tween (TBST). Primary antibodies were diluted in 5% BSA-TBST or 5% nonfat dry milk-TBST and membranes incubated overnight at 4°C. Primary antibodies OXPHOS cocktail (cat#110413), ETFA (cat#110316) and ETFB (cat#240593) were purchased from Abcam (Cambridge, UK). Primary antibodies LC3 (cat#12741), p62 (cat#39749), Parkin (cat#4211), BNIP3 (cat#3769), and Beclin-1 (cat#3495) were purchased from Cell Signaling Technology (Danvers, MA, USA). Primary antibody for HADH (cat#PA5-28203) was purchased from Thermo Fisher Scientific (Waltham, MA, USA). Secondary antibodies were purchased from Licor (Lincoln, NE, USA), diluted in 5% BSA-TBST or 5% nonfat dry milk-TBST and membranes incubated at room temperature | 5 EHRLICHER Et aL for 1 hour. Images were generated using infrared detection (Odyssey, Licor, Lincoln, NE, USA) and analyzed using ImageView software (Licor, Lincoln, NE, USA).
| Statistical analysis
Comparisons between groups were performed using Student's t test or two-way analysis of variance model (ANOVA) by diet and exercise, as specified. Energy expenditure was analyzed by analysis of covariance (ANCOVA) with lean mass as a correlative variable. Statistical significance was set as P < .05. Statistical analysis was performed using Prism version 6 (GraphPad Software, La Jolla, CA, USA). Data are expressed as means with SD and group sizes are reported in figure legends.
| RESULTS
| Bcl2-mediated autophagy is not required for mitochondrial respiratory adaptations to exercise training
Our primary aim was to determine the requirement of inducible autophagy for mitochondrial adaptations in response to exercise training. Chronic knockout of autophagy proteins (ie, Atg7) leads to mitochondrial abnormalities. 29, 30 Therefore, we used a mouse model that maintains basal rates of autophagy but cannot induce Bcl2-mediated autophagy in response to exercise. 17 This transgenic mouse model allows assessment of long-term requirement of inducible autophagy that is well suited for a training study. Twelve-week-old wild-type C57BL/6J (WT n = 13-17/group) and transgenic mice (Bcl2 AAA n = 14-16/group) consumed a low-fat diet (LFD, 10% kcals from fat) and performed 8 weeks of exercise training or remained sedentary (EX and SED, respectively). The Bcl2 AAA mice had usual basal phenotypic characteristics similar to WT. Bcl2 AAA mice had similar body weights (SED, 28.5 ± 2.4 g; EX, 30.6 ± 3.6 g) compared with WT mice (SED, 29.1 ± 1.9 g; EX, 29.1 ± 2.4 g). Both genotypes increased time to exhaustion during a graded exercise test after the exercise training (WT, + 21%; Bcl2 AAA , + 33%; P < .01 pre vs post).
We used high-resolution respirometry on isolated mitochondria to test the requirement of inducible autophagy for improvements in respiratory function. Data are expressed as absolute values to indicate changes in respiration driven by total abundance, and also divided by mitochondrial protein concentration to indicate intrinsic functional changes. Contrary to expectations, Bcl2 AAA mice had no impairments in complex I and II (CI + CII) substrate supported respiration after exercise training. Similar to WT, absolute rates of oxidative phosphorylation were higher after EX compared to SED in the Bcl2 AAA mice ( Figure 1A , left axis). The relative rates of oxidative phosphorylation were not different between EX and SED groups in either WT or Bcl2 AAA mice ( Figure  1A , right axis), suggesting changes in mitochondrial content drove improvements in oxidative phosphorylation capacity after exercise training. In both WT and Bcl2 AAA mice, the relative rates of proton leak were lower in the EX group compared to SED ( Figure 1B ), suggesting greater coupling of oxygen consumption to ATP-generation during oxidative phosphorylation. The ratio of oxidative phosphorylation to leak (respiratory control ratio; P/L) was 12% higher in the WT EX group compared with SED (t test, P = .053) further demonstrating that exercise increased coupling efficiency to improve oxidative phosphorylation. However, the respiratory control ratio was not significantly different in the Bcl2 AAA EX group compared with SED (t test, P = .35), indicating inducible autophagy promotes efficiency of mitochondrial respiration. The EX groups, regardless of genotype, had no difference in relative rates of CI + CII supported uncoupled respiration ( Figure 1C , left) but slightly lower CII supported uncoupled respiration ( Figure 1C , right) compared with SED. These data demonstrate that higher ATP-generating capacity, rather than electron transfer system (ETS) capacity, drove the higher CI + CII supported oxidative phosphorylation capacity with exercise training in both genotypes. Overall, mitochondrial respiratory adaptations to aerobic exercise training did not require exercise-induced autophagy through Bcl2. We next sought to identify the underlying mechanisms contributing to the intact mitochondrial respiration in the Bcl2 AAA mice.
| Greater protein turnover contributes to mitochondrial adaptations in autophagydeficient mice
We determined if greater protein turnover could explain the maintained mitochondrial respiratory capacity in response to exercise training in the Bcl2 AAA mice. First, we measured markers of basal autophagy and mitophagy in skeletal muscle from the mice 36 hours after the last exercise bout and after a 4-hour fasting period. The autophagy marker microtubuleassociated protein 1A/1B light chain 3A (LC3) is converted from LC3-I to LC3-II upon activation of autophagosome formation, therefore both the total abundance of LC3 and the ratio of LC3II/LC3I indicate autophagosome abundance. 31 In WT mice, the EX group had higher LC3I content and LC3II content but no difference in the ratio of the LC3II/I compared with SED ( Figure 2A ). In contrast, the Bcl2 AAA EX group had a higher ratio of LC3 II/I driven by greater LC3II content compared with SED ( Figure 2A ), suggesting greater basal autophagy. Additionally, Bcl2 AAA mice had greater mitochondrial LC3II content compared with WT ( Figure 2E ), suggesting greater basal mitophagy. The autophagy receptor p62 is downstream of formation and degraded with the autophagosome to indicate autophagosome clearance. 31 The effect of exercise training on p62 was also different between the genotypes, where the EX group had higher p62 content in WT but lower content in the Bcl2 AAA mice ( Figure 2B ). The Bcl2 AAA SED group had a higher protein content of p62 compared with WT SED ( Figure 2B ), suggesting restricted autophagosomes clearance in the Bcl2 AAA SED mice that was improved in the EX group. Additionally, the EX groups of both WT and Bcl2 AAA mice had lower mitochondrial p62 content compared with SED ( Figure 2F ). Beclin-1 forms a kinase complex involved in autophagosome formation and is bound to Bcl2 to prevent induction of autophagy. 32 The Bcl2 AAA SED group had a higher protein content of Beclin-1 compared with WT SED (Figure 2C ), suggesting a compensation in autophagosome formation potential in the Bcl2 AAA mice that was restricted in the EX group. Overall, these markers suggest that the exercise trained Bcl2 AAA mice had higher basal autophagy and mitophagy compared with the sedentary mice, as a compensation for restricted exerciseinduced autophagy. We used deuterium oxide (D 2 O) labeling for the final two weeks of the exercise training to measure protein and RNA synthesis rates including two mitochondrial fractions isolated from skeletal muscle. In the Bcl2 AAA mice, the EX group had greater subsarcolemmal mitochondria (SSM) protein synthesis compared with SED ( Figure 2H, left) , an effect not observed in WT. There were no differences between EX and SED groups in intermyofibrillar mitochondria (IMFM) protein synthesis rates ( Figure 2H, right) , indicating a fraction specific effect of exercise-induced mitochondrial biogenesis. There were no differences between groups in myofibrillar (MYO) protein synthesis rates ( Figure 2I ) or RNA synthesis ( Figure 2J) , indicating a lack of difference in global protein synthesis and ribosomal biogenesis. These data demonstrate that exercise training increased mitochondrial biogenesis in the Bcl2 AAA mice, matching the increase in basal autophagy to promote mitochondrial protein turnover.
We next considered if changes in protein abundance of the mitochondrial respiratory chain complexes accompanied the greater respiratory capacity. The Bcl2 AAA EX group had consistently greater protein abundance of representative subunits of respiratory complexes I-V compared with SED ( Figure 2K ), while WT EX mice had greater abundance of complex IV only compared with SED ( Figure 2K ). The accumulation of mitochondrial proteins in the Bcl2 AAA mice may be due to a combination of suppressed mitochondrial protein degradation after exercise and higher protein synthesis rates.
Thus far, our data demonstrate that restricting exercise-induced autophagy through the Bcl2 pathway did not impair mitochondrial respiratory adaptations to exercise training, likely because of compensatory increases in basal autophagy and mitochondrial protein synthesis. Additional stress on protein turnover may reveal a more significant role of exercise-induced autophagy through the Bcl2 pathway for maintaining mitochondrial respiratory function. High-fat feeding is a model that increases reliance on whole body and mitochondrial lipid respiration, which we and others have shown increases mitochondrial abundance and protein turnover 22, 33 and possibly restricts adaptations to exercise. 34 Compensatory changes in protein turnover may occur differently during high-fat feeding, when autophagy may be compromised. Therefore, we next examined whether mitochondrial respiratory adaptations to exercise training require exercise-induced autophagy during the metabolic stress of high-fat feeding.
| Whole-body metabolic phenotype following high-fat feeding and exercise training
We used high-fat feeding as a metabolic challenge to induce changes in whole-body and mitochondrial respiration. C57BL/6J WT and Bcl2 AAA mice consumed a high-fat diet (HFD, 60% kcal from fat) for 4 weeks followed by 8 weeks of exercise training or sedentary behavior (EX and SED, respectively) ( Figure 3A) . During week 10, mice were individually housed in metabolic cages for 3 days to measure whole-body metabolism.
The whole-body phenotype due to HFD in both WT and Bcl2 AAA mice was, as expected, weight gain ( Figure 3B ,C), hyperglycemia ( Figure 3D ) and hyperinsulinemia ( Figure   3E ), with minor improvements in the EX groups. Glucose and insulin tolerance were impaired in the Bcl2 AAA mice compared with SED, but exercise training improved glucose and insulin tolerance in both genotypes ( Figure 3F,G) . Time to exhaustion improved after exercise training in both genotypes during HFD (WT, + 27%; Bcl2 AAA + 21%; P < .01 pre vs post). Daily exercise bouts of 400-800 m more than doubled the normal daily in-cage distance covered for the EX groups ( Figure S2A ). Food intake measured during week 10 indicated lower consumption of HFD in grams that resulted in similar kcal intake to LFD in SED mice. The exercised mice had no apparent compensation in food intake ( Figure S2B ).
Whole-body respiratory exchange ratio (RER) indicated chronic reliance on lipid oxidation among HFD mice, which was similar between SED and EX groups ( Figure 3H 
HFD had proportionally greater increases in EE per lean mass ( Figure S2C ), which was restored by exercise training ( Figure S2D ).
| High-fat feeding did not impair mitochondrial adaptations to exercise training
We determined the requirement of inducible autophagy for improvements in mitochondrial respiration after exercise training during the added metabolic stress of high-fat feeding. We measured respiratory rates in isolated mitochondria as described above (Figure 1 ). Regardless of genotype, the EX groups had higher absolute rates of oxidative phosphorylation compared with SED but had lower rates relative to protein content compared with SED ( Figure 4A ). High-fat feeding did not impair the exercise-induced increase in mitochondrial protein abundance but may have compromised complex I and complex II substrate supported respiratory function.
We determined if high-fat feeding compromised protein turnover in a way that would alter the exercise training effects on CI + CII supported respiratory capacity. HFD did not impair mitochondrial protein synthesis rates in the Bcl2 AAA mice ( Figure 4B ). In fact, the effect of exercise was close to significant (P = .07) for higher SSM protein synthesis. Bcl2 AAA mice had higher mitochondrial LC3II content compared with WT mice. The EX groups, regardless of genotype, had higher mitochondrial LC3II content compared with SED ( Figure 4C ). Basal autophagy markers, LC3 I and p62, were higher in the HFD Bcl2 AAA mice, in both the SED and EX condition, compared with WT ( Figure 4F,G) , possibly as an indication of suppressed global autophagy. However, the EX groups, regardless of genotype, had higher LC3II content ( Figure 4F ) while the EX Bcl2 AAA mice had a greater ratio of LC3II/I content ( Figure 4F ). Together these data suggest HFD did not impair exercise-induced basal autophagy or mitophagy in the Bcl2 AAA mice. Contrary to expectations, high-fat feeding did not impair exercise adaptations in the Bcl2 AAA mice. Our data suggest 12 weeks of high-fat feeding did not compromise skeletal muscle protein turnover or prevent adaptations to exercise-training. Due to the large dietary lipid availability for the HFD mice, we next wanted to determine if exercise training impacted mitochondrial respiration of lipid substrates differently than nonlipid substrates.
| Independent effects of exercise and high-fat feeding to induce mitochondrial lipid oxidation adaptations
We examined mitochondrial lipid respiratory changes in response to high-fat feeding and exercise training by using highresolution respirometry on isolated mitochondria. In both WT and Bcl2 AAA mice, EX had a main effect to increase absolute rates of lipid-supported oxidative phosphorylation compared with SED, but not relative to protein content ( Figure 5A,D) . Independent of EX, the HFD groups had greater lipid oxidation in both absolute units and relative to protein content compared with the LFD groups ( Figure 5A,D) , suggesting the improvements in oxidative phosphorylation capacity with HFD were due to intrinsic remodeling of the mitochondria more so than increased total protein abundance.
In WT mice, greater electron transfer system capacity ( Figure 5C ), rather than greater proton leak ( Figure 5B ), contributed to the HFD-induced increase in lipid oxidation compared with LFD. In fact, the respiratory control ratio (P/L) was greater in the HFD SED (+59%, P < .001) and HFD EX (+57%, P < .001) groups compared to the respective LFD groups, demonstrating increased coupling efficiency of lipid oxidation following HFD. The electron leak to H 2 O 2 was higher for lipid-substrates than nonlipid substrates in WT mice ( Figure 5G ), which agrees with lipid-induced production of reactive oxygen species. 35 There were significant main effects for both diet and exercise to lower electron leak for only lipid substrates, suggesting improved lipid oxidation efficiency following either HFD or EX. Interestingly, the Bcl2 AAA mice were more susceptible to HFD-induced leak respiration ( Figure 5E ) and had a blunted main effect of EX to improve electron leak to H 2 O 2 ( Figure 5H) . Though, the respiratory control ratio (P/L) was still much greater in the HFD SED (+49%, P < .001) and HFD EX (+60%, P < .001) groups compared to the respective LFD groups.
We considered if changes in lipid oxidation protein abundance accompanied the greater lipid respiratory capacity. In both genotypes, EX and HFD had main effects to increase content of electron transfer flavoprotein (ETF) α/β subunits, while HFD groups additionally had greater hydroxyacyl-coenzyme A dehydrogenase (HADH) content (Figure 5I,J) . The increase in ETF and HADH coincide with greater respiratory chain complexes and increased mitochondrial respiratory capacity.
The lipid respiration data further demonstrate mitochondrial adaptations did not require Bcl2-mediated autophagy activation, though there was a loss in mitochondrial efficiency with high-fat feeding in Bcl2 AAA mice that did not occur in the WT mice. The lipid respiration results indicated a strong remodeling of the mitochondria to increase lipid respiratory capacity and protein abundance in response to exercise and high-fat feeding that did not require Bcl2-mediated autophagy.
| Exercise training and acute exercise upregulates parallel autophagy pathways during high-fat feeding
The findings in the current study suggest parallel autophagy pathways to Bcl2 are sufficient to mediate mitochondrial remodeling during exercise training. Therefore, we next measured the effect of exercise training on markers of Bcl2independent mechanisms of mitophagy. Alternative pathways include ubiquitin-mediated targeting of membrane proteins or autophagy receptors residing on the outer mitochondrial membrane. Parkin, an E3 ligase, tags mitochondria for degradation through the mitophagy pathway 36 and Bcl-2/adenovirus E1B interacting protein 3 (BNIP3) is a mitophagy receptor that resides on the outer mitochondrial membrane. 37 Total Parkin and BNIP3 abundance were not different between SED and EX in either WT or Bcl2 AAA mice (Figure S3A,B) . In the WT mice, mitochondrial Parkin ( Figure 6A ) and BNIP3 content ( Figure 6B ) was largely unchanged, except for elevated BNIP3 content in the HFD EX group compared with HFD SED. In the Bcl2 AAA mice, LFD EX mice had lower mitochondrial Parkin ( Figure 6A ) but higher BNIP3 content ( Figure 6B ) compared with LFD SED. The Bcl2 AAA HFD mice also had lower mitochondrial Parkin content ( Figure 6A ) and higher BNIP3 content ( Figure 6B ) compared with LFD. Together, these data suggest BNIP3 may be a mediator of HFD and exercise-induced increases in basal mitophagy in both WT and Bcl2 AAA mice. Since these markers were measured after exercise training and after mitochondrial adaptations have occurred, we did not capture the transient activation of mitophagy mediators with exercise. 38 To consider the possibility that Bcl2 AAA mice retain the ability to activate Bcl2-independent mechanisms of mitophagy in response to exercise, we added groups that performed an acute bout of exercise. These groups underwent 12 weeks of LFD or HFD, and then had tissues collected 30 minutes after a single bout of treadmill exercise (65 minutes at 12-15 m/min). Parkin localization to mitochondria was greater after acute exercise compared with SED in Bcl2 AAA mice, a difference not observed in the WT mice ( Figure 6D ). The greater Parkin was not due to changes in total Parkin as there were no differences in total skeletal muscle Parkin abundance after a single bout of exercise ( Figure 6E ). Additionally, BNIP3 abundance was greater in the mitochondrial fraction after acute exercise compared with SED in both the WT and Bcl2 AAA mice ( Figure 6F ). The acute exercise data indicated a compensatory activation of Parkin and BNIP3 with exercise that may mediate mitophagy despite impaired Bcl2-mediated inducible autophagy.
F I G U R E 6
Exercise training and acute exercise upregulate parallel autophagy pathways during high-fat feeding. Gastrocnemius muscles were collected after a 4-h fast and 36 h after exercise from wild-type and Bcl2 AAA mice given a 60% high-fat diet for 12 wk and performed 8 wk of exercise training (EX) or remained sedentary (SED). A separate group of wild-type and Bcl2 AAA mice given a low-fat (LFD) or high-fat diet (HFD) for 12 wk then performed a single bout of treadmill exercise (Ac-EX) or remained sedentary (SED). Mitochondria were isolated from gastrocnemius muscle for immunoblotting. A, Parkin content and (B) BNIP3 content in the mitochondrial fraction of exercise trained mice normalized to VDAC content and expressed as arbitrary units (AU). C, Representative blots for (A and B). D, Parkin content in the mitochondrial fraction normalized to VDAC as a loading control and expressed as AU. E, Parkin content in the whole cell lysate expressed as AU. F, BNIP3 in the mitochondrial fraction normalized to VDAC as a loading control and expressed as AU. BNIP3 consistently appeared as triplicate bands, therefore all three bands specified by the red box were quantified. G, Representative blot images for (D-F). Full blot images and Ponceau stain of membranes are in supplemental data. Data are means ± SD. Two-way ANOVA tested for effects of diet and exercise within each genotype. P values are main effects. Group sizes are n = 12-17 for exercise trained mice and n = 5-6 for acute exercise mice | 13
EHRLICHER Et aL
| DISCUSSION
We investigated the requirement of Bcl2-mediated autophagy for mitochondrial adaptations to aerobic exercise training to determine the specific requirement of exerciseinduced autophagy on mitochondrial remodeling and respiratory function. There is a growing body of research that supports mitophagy contributes to beneficial mitochondrial adaptations to metabolic stress, such as exercise. 39, 40 Current understanding is that activation of general autophagy signaling through ULK1 is required for induction of mitophagy by exercise. 37 Identifying additional regulators of mitophagy is important for understanding the overlap of the general autophagy and mitophagy pathways in response to exercise. Contrary to expectations, mitochondrial respiratory adaptations to exercise training did not require exercise-induced activation of autophagy through the Bcl2 pathway. Rather, our data revealed that Bcl2 AAA mice had compensatory increases in basal autophagy and mitochondrial biogenesis with exercise training that occurred with increased mitochondrial Parkin localization and maintained BNIP3 abundance. Additionally, high-fat feeding did not impair the mitochondrial respiratory adaptations to exercise training in the Bcl2 AAA mice. Highfat feeding induced significant increases to lipid-specific oxidation and intrinsic mitochondrial remodeling, independent of exercise training. Overall, our findings support that the exercise training effects to improve mitochondrial respiratory capacity are through enhanced basal autophagy and Bcl2-independent pathways and support a model by which HFD drives mitochondrial respiratory adaptations, not overt dysfunction.
Mitophagy is a primary pathway for degrading damaged portions of the mitochondrial reticulum 29 that is constitutively active and inducible under stress conditions. In mice performing endurance exercise training, partial knockout of beclin-1 (Atg6 +/− ), a critical autophagy protein, blunts the gain in mitochondrial content in skeletal muscle, 14 but this deletion does not distinguish between basal and inducible autophagy. Our results demonstrate that mitochondrial respiratory capacity increases after exercise training in transgenic mice with impaired inducible Bcl2/beclin-1 autophagy similar to the WT mice. We also observed greater basal content of the autophagy markers LC3, p62, and beclin-1 in the Bcl2 AAA mice compared with WT, which was not observed in the Atg6 +/mice. 14 Additionally, we observed an increase in LC3 accumulation in the mitochondrial fraction in the Bcl2 AAA . Basal rates of autophagy and mitophagy may compensate in the Bcl2 AAA mice to maintain mitochondrial degradation, suggesting the acute rise in autophagy after each exercise bout is not required for mitochondrial adaptations to exercise training.
Exercise-regulated autophagy also appears to involve mitochondrial autophagy receptors to target specific portions of the mitochondrial reticulum for degradation. 19, 38 Several studies have shown exercise increases the protein abundance of BNIP3, a mitochondrial autophagy receptor, in skeletal muscle. 13, 14, 41 Additionally, the E3 ligase, Parkin localizes to the mitochondria after acute exercise to recruit autophagosomes. 16 After exercise training, Parkin KO mice had greater skeletal muscle mitochondrial content but with impaired respiratory function. 16 In our study, acute exercise increased Parkin and BNIP3 accumulation in the mitochondrial fraction of skeletal muscle in Bcl2 AAA mice similar to WT. These results are significant because they demonstrate that exercise activates mitochondrial autophagy independently of Bcl2-mediated autophagy and suggests the regulation of autophagy for mediating mitochondrial protein turnover occurs parallel to other exercise regulated autophagy pathways (eg, glucose adaptations). The autophagy pathways regulating mitochondrial adaptations appear distinct from those regulating substrate turnover, such as glucose. It is possible that more downstream proteins to Bcl2, such as Parkin/BNIP3, directly regulate mitophagy. Based on our findings and previously published studies, it appears constitutive autophagy 42 and inducible mitochondrial autophagy 16 maintain the mitochondrial reticulum independent of Bcl2, while Bcl2 is required for glucose adaptations.
Exercise stimulates mitochondrial protein synthesis as a critical mechanism of enhancing protein turnover for mediating mitochondrial adaptations. 43, 44 Skeletal muscle mitochondria can be isolated in two different fractions, SSM and IMFM, which have distinct biochemical properties and responsiveness to exercise training. 45 We provide measurements of long-term fractional synthesis rates of these two mitochondrial populations. Exercise training stimulated SSM, but not IMFM, protein synthesis in the Bcl2 AAA mice. The SSM fraction appears particularly responsive to aerobic training including changes to lipid metabolism in lean mice. 45 The enhanced mitochondrial biogenesis is likely a compensatory mechanism to preserve mitochondrial function in Bcl2 AAA mice. Our results are consistent with other studies that demonstrate increases in both mitochondrial biogenesis and autophagy as a mechanism of mitochondrial adaptations to exercise. 13, 38 Such selective remodeling of mitochondria has been demonstrated in caloric restriction-a period of preservation of mitochondrial proteins 24, 46 -that may regulate through mechanistic target of rapamycin complex 1, a potent nutrient sensor between both autophagy and translational machinery. 47 High-fat feeding results in an overload of lipids that drives lipid oxidation without high energy demands, putting stress on mitochondrial metabolism. 48 High-fat feeding in mice with a skeletal muscle knockout of Atg7, an autophagy machinery protein, impaired mitochondrial function, 15 further supporting the role of autophagy in preserving mitochondrial function during metabolic stress. In our study, both WT and Bcl2 AAA mice had improved mitochondrial lipid oxidation capacity after high-fat feeding, despite glucose intolerance. The addition of exercise training improved glucose tolerance in the WT mice and to a lesser extent in the Bcl2 AAA mice, which was similar to the phenotype previously reported. 17 The increased mitochondrial respiration with HFD remained even after accounting for protein abundance, while the exercise training effects were due to increased protein abundance. Unlike WT mice, the HFD Bcl2 AAA mice had a slightly but significantly higher leak respiration compared with LFD. Exercise training did not alter the lipid-supported leak respiration, nor did it lower the electron leak to H 2 O 2 , further demonstrating impaired mitochondrial efficiency in the HFD Bcl2 AAA mice. These results are informative because they suggest maintaining mitochondrial function during high-fat feeding does not require Bcl2-mediated autophagy. However, declines in mitochondrial efficiency and energy wasting are potential protective mechanisms for preserving mitochondrial function in the autophagy deficient mice. 49, 50 Further, exercise-induced mitochondrial adaptations do not rely more on Bcl2-mediated autophagy in a metabolically stressed state.
High-fat feeding (eg, 45%-60% fat) increases mitochondrial protein abundance and respiration in rodent models, especially lipid oxidation proteins. 33, 51 The electron transfer flavoprotein (ETF) is the direct entry point for reducing equivalents from lipid oxidation into the electron transfer system. 52 Knockout of its upstream suppressor increased ETF activity and promoted lipid oxidation in response to high-fat excess, 53 though response to exercise training is less known. Our data demonstrate increased protein abundance of ETF alongside greater lipid supported oxidative phosphorylation after high-fat feeding and exercise training. The implications of our findings are that high-dietary fat and exercise training stimulate mitochondrial lipid oxidation capacity through common mechanisms of increased ETF.
We conclude that the mitochondrial adaptations to exercise did not depend on Bcl2-mediated autophagy in either LFD or HFD mice. Instead, exercise activated the mitochondrial-specific autophagy mediators, Parkin and BNIP3, as parallel mechanisms for mitochondrial clearance. Exercise activated basal autophagy and mitochondrial biogenesis to mediate mitochondrial adaptations. Further, HFD led to pronounced increases, not impairments, in mitochondrial respiration. Mitochondria had intrinsic remodeling, via enhanced protein synthesis and degradation, and greater lipid oxidation capacity as an adaptation to HFD with no evidence of impaired autophagy or exercise adaptations. Our data support that chronic increases in basal rates of mitochondrial autophagy, not the transient exercise induction, and protein synthesis maintain mitochondrial respiratory function to meet demands of metabolic stress.
| LIMITATIONS AND
CONSIDERATIONS OF THE STUDY
We acknowledge the limitations of using static measurements of autophagy protein markers as a surrogate for pathway flux. We interpret our measures of autophagosome abundance as potential for autophagy rather than completion of autophagy. To decrease technical variation, we incubated membranes in single antibody solutions and imaged together as batch analyses. We included positive controls (cell lysates treated with chloroquine, an autophagy inhibitor) to identify autophagy markers. Additionally, we used multiple markers to distinguish various stages of autophagy/mitophagy to gain a more comprehensive understanding of pathway changes. To increase confidence in static measures, we carefully considered the timing for measuring basal autophagosome abundance to avoid acute stimuli. Mice were euthanized 36 hours after the last bout of exercise based on previous literature demonstrating transient activation of autophagy with exercise that resolved within 24 hours. 19 Mice were also fasted for 4 hours before being euthanized to avoid suppression of autophagy by postprandial rises in insulin and glucose, 20 but also to avoid activation of autophagy that occurs within 12 hours of food deprivation. 21 The timing of D 2 O administration was the final two weeks, after 6 weeks of the exercise intervention. Therefore, the results must be interpreted in context of maintenance, not initial exercise training adaptations. Synthesis rates are an average of all proteins in the sample and vary between individual proteins. 54 Increases in pool size is also a consideration during the extended labeling periods. 55 Expansion of the mitochondrial reticulum during the 14-day labeling period would mean the absolute synthesis rates were higher than our measured fractional synthesis rates.
We used isolated mitochondria for respiration while other studies use permeabilized muscle fibers. We chose to use isolated mitochondria to avoid potential limitations on substrate trafficking and sample a larger portion of the mitochondrial reticulum from a larger starting tissue (~100 mg vs 2-3 mg for permeabilized fibers). An important consideration is that the permeabilized fiber method retains more of the intrinsic morphology of the mitochondrial reticulum during the respiration measurements. 56 The processes of mitochondrial membrane fusion and fission appear interdependent with mitophagy for the maintenance of overall mitochondrial health. 57 Previous reports using both isolated mitochondria and permeabilized fibers (in context of aging and caloric restriction) demonstrate similar qualitative results between both preparations. 46 We cannot exclude the possibility that the respiratory capacity of the intact mitochondrial reticulum is compromised in the Bcl2 AAA mice after exercise training. We did not measure ATP production directly. The greater oxidative phosphorylation capacity-without changes in leak (oligomycin inhibited)-is consistent with greater capacity for ATP production following HFD or exercise training. Also, our respiratory protocol does not measure full TCA or glycolysis capacity in isolated mitochondria. Supercomplex assembly within the electron transfer system could be an underlying mechanism of improved respiration independent of protein content. 58 Muscle fibers retain such in-vivo characteristics of oxidative pathways.
An important consideration is HFD mice gained weight throughout the study due to positive energy balance of the HFD. Therefore, the high-fat feeding model cannot differentiate between the effects of obesity and high lipid intake from the diet on mitochondrial adaptations. Next steps include distinguishing the negative influence of obesity independent from dietary lipid availability on bioenergetics. 59 Indeed, non-obese models of insulin resistance had limited differences in mitochondrial lipid respiration vs weight-matched controls. 60 Mitochondria have a robust capacity to adapt to changing bioenergetic stimuli ranging from obesity to caloric restriction. 46 Measurements taken after a longer diet intervention, to achieve weight-stable obesity, may alter metabolic and mitochondrial function than the current 12-week diet intervention.
The study included only male mice though it is of interest to study potential sex differences in mitochondrial respiratory adaptations. Intrinsic mitochondrial respiration in skeletal muscle is different between men and women. 61 Further, female mice are more susceptible to loss of mitochondrial quality in response to impaired autophagy. 42 It is necessary for future studies to investigate potential sex differences in the role of selective autophagy for mitochondrial adaptations to exercise and high-fat feeding.
